Introduction
============

Despite the significant progress that has been made towards therapeutic approaches, including liver transplantation, surgical resection, thermal ablation and chemotherapy, unsatisfactory response continuously poses a tremendous challenge to effective liver cancer therapy. [@B1]-[@B3] Among all the efforts that have been made, RNA interference (RNAi) technology has emerged as a nonnegligible tool in liver cancer treatment due to its specific silencing effect of oncological targets. [@B4]-[@B6] microRNA (miRNA) is a class of small, endogenous noncoding RNAs (containing 18-25 nucleotides) that functions as negative gene regulators at the post-transcriptional level. [@B7]-[@B11] The discovery of miRNAs and their multiple roles in the development and progression of liver cancer has provided a comprehensive picture of cellular regulation with the potential for generating new RNAi-based therapeutic approaches. [@B12]-[@B20] Recent evidence has shown that the dysregulation of many miRNAs including let-7a, miR-16, miR-25, miR-27a, miR-34a, miR-107, etc., could play a crucial role in accelerating the deterioration of liver cancer. [@B15]-[@B18] Among the known miRNAs, miR-27a was found to be highly enriched in both serum and tumor tissue of liver cancer patients. It could promote liver tumorigenesis by directly down-regulating transcription factors including FOXO-1 and PPAR-γ, and subsequently inhibiting the expressions of their downstream targets such as p21, p27, Bax and caspase-3, ultimately promoting proliferation and reducing apoptosis of liver cancer cells. [@B19], [@B20]

Although remarkable advances have been made in miRNA-based inhibition therapies, critical barriers remain to be overcome before their transition to clinical application. [@B21], [@B22] On the one hand, synthetic naked miRNAs are unstable in nuclease-rich serum and plasma environments, resulting in low therapeutic efficacy. [@B23], [@B24] On the other hand, excessive accumulation of exogenous miRNA therapeutics in the non-malignant tissues might interfere with normal cell activities, causing impaired specificity and off-target side effects. [@B25], [@B26] Therefore, an ideal miRNA delivery system must be developed to achieve satisfying performance. The system should meet the following characteristics: (1) reduce miRNA degradation and prolong in vivo circulation, (2) target liver cancer cells in a highly selective manner and facilitate intracellular uptake, (3) allow for tailored release profiles in response to micro-environmental stimulus and promote endosome release/escape of the payload miRNAs, (4) noninvasively monitor drug delivery and release in a real-time manner and simultaneously image the tumor site.

To date, numerous delivery systems including cationic polymers, polysaccharides, and liposomes have shown great promise in the protection of miRNA from degradation and have realized targeted cancer gene therapy. [@B27]-[@B35] Among all these polyionic nanosystems, hyaluronic acid-polyethyleneimine conjugate (HA-PEI) has been widely studied for nuclear acid delivery. [@B32]-[@B35] In this system, HA acts as a targeting component due to its high affinity for CD44 receptor, which is a cell adhesion membrane glycoprotein overexpressed on the surface of many types of liver cancer cells, while PEI has a high capacity for nuclear acid complexation and facilitates endosomal escape through the proton sponge effect. [@B34] Besides integrating each advantage, HA-PEI exhibits biodegradable, biocompatible, and non-immunogenic properties for the systemic administration of miRNA. [@B35] Moreover, the active residues of HA-PEI allow its easy modification with fluorescent probes that permit real-time tracking of the miRNA delivery process in vivo and monitoring of miRNA release in vitro. Hence, the combination of imaging nanoprobes with miRNA in HA-PEI cationic polymer is an ideal nanosystem to achieve efficient and safe liver cancer theranostics.

In the present study, a bifluorescent conjugate was firstly fabricated using hyaluronic acid, polyethyleneimine and quantum dots (QDs) through a facile one-pot approach, then negatively charged anti-miR-27a were encapsulated to form anti-miR-27a/QD-HA-PEI nanoparticle for near-infrared (NIR) fluorescence imaging and miRNA-based modulation therapy against liver cancer (Scheme [1](#SC1){ref-type="fig"}). The physicochemical properties of anti-miR-27a/QD-HA-PEI including hydrodynamic size, zeta potential, optical properties, and stability were characterized. Importantly, the targeted cellular uptake of nanoparticles could be monitored by the QDs\' NIR fluorescence, while the "ON-OFF" intrinsic fluorescence of the HA-PEI conjugate might be employed to track the release behavior of anti-miR-27a. The anti-cancer efficacy, miR-27a modulation effects, and molecular mechanisms of anti-miR-27a/QD-HA-PEI were investigated through both in vitro and in vivo models. The bioimaging, biodistribution and biocompatibility of anti-miR-27a/QD-HA-PEI after systemic administration were additionally studied. We suggest that bifluorescent anti-miR-27a/QD-HA-PEI has great potential for applications in liver cancer theranostics.

Methods
=======

Materials
---------

Sodium hyaluronate (HA, 10 kDa) was purchased from Bloomage Freda Biopharma Co., LTD. Polyethyleneimine (PEI, linear, 25 kDa) was obtained from Polysciences Inc. Qdot™ 800 ITK™ Amino (PEG) Quantum Dots were purchased from Thermo-Fisher Scientific Corp. Inhibitor of miR-27a (anti-miR-27a) and cy3-labeled RNA were purchased from Gene Pharma Co., Shanghai. 1-Ethyl-(3-dimethylaminopropyl) carbodiimide hydrochloride (EDC), N-hydroxysuccinimide (NHS) and sulforhodamine B were obtained from Sigma-Aldrich. RPMI-1640 medium was obtained from GIBCO. Fetal bovine serum (FBS), penicillin, streptomycin, assay kits for cell cycle and cell apoptosis were from the Beyotime Institute of Biotechnology (Jiangsu, China). Antibodies for western blotting were purchased from Abcam. Assay kits for alanine aminotransferase (ALT), aspartate aminotransferase (AST), alkaline phosphatase (ALP), blood urea nitrogen (BUN), creatinine (CRE) and total triglycerides (TG) were purchased from Nanjing Jiancheng Bioengineering Institute. Formamide and ethyl alcohol were obtained from Beijing Chemical Works. All reagents were commercially available products with analytical grade purity and were used without further purification.

Synthesis of anti-miR-27a/QD-HA-PEI
-----------------------------------

QD- and PEI-conjugated HA based on a modified EDC/NHS reaction was carried out according to a previous report. [@B32],[@B36]-[@B37] In brief, sodium hyaluronate (10KD, 10 μmol) was dissolved in 10 mL of dry formamide in a glass weighing bottle by warming up the reaction container to 50 ℃. After obtaining a clear solution, the reaction mixture was cooled down to room temperature, and then 10 mg of EDC and NHS were added to the solution. After activating for 30 min, 10 μL of QDs (0.32 μmol/mL) that were dissolved in formamide in advance was added to the reaction mixture. This step was repeated 10 times and the interval was 10 min; 100 μL of QDs was added to the mixture in total (0.032 μmol). Then 30 mg of PEI (25 kDa, 12 μmol) was added to the reaction mixture. Soon the solution turned hazy and became clear in 20 min. The reaction was stirred overnight using a magnetic stirrer. The resulting solution was added to a large excess of EtOH (250 mL) to precipitate the polymer. The precipitate was centrifuged and collected and the washings were discarded. The above step of EtOH precipitation and washing was repeated thrice to purify the polymer. Finally, the precipitate polymer (QD-HA-PEI) was re-dissolved in deionized water and lyophilized using a freeze dryer (Labconco FreeZone 2.5). Then QD-HA-PEI powder was dissolved into saline together with anti-miR-27a, vortexed for 1 min and incubated for 15 min at room temperature to form miRNA-loaded nanoparticles (anti-miR-27a/QD-HA-PEI).

Characterization
----------------

The morphologies of the NPs were characterized using a JEM-2100F transmission electron microscope (JEOL, Ltd., Japan) and a scanning electron microscope (SEM, FEI quanta 200F). Fluorescence spectroscopy was performed using a Shimadzu RF-5301 PC spectrophotometer. NMR spectra were obtained on an AVANCEIII500 (500 MHz) from Bruker. Fourier transform infrared (FTIR) spectra were collected with a Nicolet AVATAR 360 FTIR instrument. The size distribution and zeta potential of the NPs in cell culture media (DMEM containing 10% FBS) were characterized using a Nano-ZS 90 Nanosizer (Malvern Instruments Ltd., Worcestershire, UK).

Determination of RNA loading and protection
-------------------------------------------

To determine the encapsulation capability of QD-HA-PEI, samples of different polymer-to-miRNA weight ratios, ranging from 1:1 to 9:1, were prepared and then run on Agarose gel (0.5%) according to a previous report [@B38]. To visualize miRNAs, a substitute for EB called Goodview nucleic acid stain (SBS Genetech Co., ltd) was used. The encapsulation ability was assessed after imaging the gel under UV light. In the protection assay, anti-miR-27a/QD-HA-PEI was incubated with RNase A at 37 °C for 30 min, and then EDTA solution was added to denature RNase. 10 μL of each sample were mixed and vortexed with 10 μL of 2% polyacrylic acid (PAA), since PAA would compete with the anionic polymer and release the miRNA, which then appears as a free band in the gel. Finally, 20 μL of each sample was run on agarose gel. Naked miRNA was used as a control in both experiments.

Cell culture and cellular imaging
---------------------------------

The cell lines used in this study, including human hepatocellular carcinoma cell line (HepG2), human hepatic embryo cell line (HL-7702), and mouse fibroblasts NIH-3T3, were obtained from ATCC. Cells were maintained at 37 ℃ and 5% CO~2~ in RPMI-1640 supplemented with 10% (v/v) heat-inactivated fetal bovine serum, penicillin (100 U/mL), and streptomycin (100 mg/mL). To determine the cellular entry of the designed nanoparticle and its targeting feature, negative control (N.C.) miRNA encapsulated in QD-HA-PEI was incubated with cells for 3 h. In parallel, a competition group of each cell line was made. The cell culture medium in these groups was replaced with serum-free media containing excess free HA at a concentration of 10 mg/mL for 1 h to block CD44 receptors before incubation with the N.C. /QD-HA-PEI for 3 h under identical conditions. All sets of cells were washed with PBS, then stained with Hoechst 33258 and visualized under a confocal fluorescence microscope (CLSM, Olympus FV1000). To further quantify the cellular uptake efficiency, the same N.C. miRNA/QD-HA-PEI-treated cells were washed, trypsinized and resuspended for flow cytometry (FACS, Becton-Dickinson Biosciences, Drive Franklin Lakes, U.S.).

Determination of pH-dependent stability and RNA release
-------------------------------------------------------

To further evaluate if the stability of QD-HA-PEI was related to pH, cy3-labelled miRNA-loaded QD-HA-PEI was first mixed with PBS of different pH (pH=7.4 and pH=5.5) for 24 h and solution from each group at the time points of 0, 1, 3, 6, 12, 18, and 24 h was collected. Photostability was determined by the fluorescence intensity of HA-PEI, while miRNA release behavior was assessed by RT-PCR. Then 2 sets of HepG2 cells were incubated with cy3-labelled miRNA-loaded QD-HA-PEI for 1 h and 6 h, respectively, then stained with LysoTracker blue and visualized under the CLSM. To further quantify the fluorescence intensity, the same cy3-labelled miRNA/QD-HA-PEI-treated cells were washed, trypsinized and resuspended for FACS.

Evaluation on in vitro anti-cancer effect
-----------------------------------------

HepG2 cells were first incubated with QD-HA-PEI to determine whether this vector was safe or not. Cells were seeded in 96-well plates at a density of 5000 cells per well and then treated with QD-HA-PEI, of which the maximum concentration was 200 μg/mL, for 24 h. SRB assay was performed for cytotoxicity assessment. [@B39]-[@B41] Then both cell lines were treated with free anti-miR-27a and anti-miR-27a-loaded QD-HA-PEI. The maximum concentration of RNA used was 200 nM for 24 h. Since the polymer-to-miRNA weight ratio was set to 9:1, the concentrations of QD-HA-PEI were 11.8 μg/mL and 14.4 μg/mL, respectively.

Molecular mechanisms of anti-cancer effect
------------------------------------------

HepG2 cells were first seeded in 6-well plates at a density of 50000 cells per well and then treated with saline, QD-HA-PEI (3.6 μg/mL), anti-miR-27a (50 nM) and anti-miR-27a/QD-HA-PEI for 24 h. Effects on cell cycle and apoptosis were determined by FACS, and the procedures were conducted according to the instruction of each assay kit. Briefly, to determine cell cycle, cells were harvested and adjusted to 10^6^ cells per sample. Then cells were fixed with 70% cold ethanol for 1 h at room temperature. After that, cells were washed with PBS twice and resuspended with 0.5 mL PI/RNase Staining Solution. Next the suspension was gently vortexed and incubated for 30 min at room temperature, protected from light, and finally analyzed by FACS. To determine apoptosis, cells were harvested, washed with cold PBS and resuspended in 1x Binding Buffer. Then the suspensions were centrifuged for 10 min at 300 ×*g* to remove the Binding Buffer from the cell pellet. After that, cells were resuspended in 1x Binding Buffer and adjusted to 10^6^ cells/mL. 100 μL of cells (10^5^ cells) were added to each labeled tube. Next 5 μL of Annexin V-FITC was added to appropriate tubes. Tubes were gently vortexed and incubated for 10 min at room temperature, protected from light. Then 5 μL of PI was added and incubated for 5 min at room temperature, protected from light. Finally, samples were analyzed by FACS within 1 h. Then total RNAs of each group were extracted, and the miR-27a expression was determined by RT-PCR. Proteins of the above-mentioned groups were also extracted, and the expressions of FOXO-1, PPAR-γ, p21, Bax, cyclin D1 and caspase-3 were assessed by western blot. The primers and antibodies were selected according to our previous reports. [@B19], [@B20]

Animals and in vivo bioimaging and biodistribution
--------------------------------------------------

All animal experimental protocols were approved by the Ethics Committee for the Use of Experimental Animals of Jilin University. The tumor models for this study were developed in nude mice obtained from Weitonglihua Co., Beijing. 6-week-old male nude mice were injected subcutaneously (s.c.) with 2×10^6^ HepG2 cells under the right shoulder. Tumor size was measured twice a week to monitor tumor growth. HepG2 tumor-bearing mice were injected intravenously (i.v.) with anti-miR-27a/QD-HA-PEI containing 20 nmol/kg of miRNA and visualized using an NIR Imaging System at 3 h and 24 h after injection. To evaluate its targeting feature, HepG2 tumor-bearing mice were pre-treated with free HA (10 mg/kg) 3 h before administration of anti-miR-27a/QD-HA-PEI. After 24 h of injection, all mice (n=6) were sacrificed and heart, lung, liver, spleen, left kidney and tumor were collected and imaged. NIR fluorescence intensity at the ROI is expressed as the mean ± SD for three mice in each group.

In vivo anti-cancer efficacy and systemic safety evaluation
-----------------------------------------------------------

HepG2 tumor-bearing nude mice were randomly divided into 3 groups (n=6) and were intravenously (i.v.) injected with saline, free anti-miR-27a (1 mg/kg) and anti-miR-27a (1 mg/kg)-loaded QD-HA-PEI when the tumor volume reached 50-100 mm^3^, respectively. Mice weight was measured every third day while tumor sizes were measured every fifth day. The estimated tumor volume (mm^3^) was calculated based on the formula length × width^2^ × 0.52. All mice were sacrificed at the 40th day. Tumors were measured, weighed, and then partly embedded in paraffin before being subjected to TUNEL and Ki67 staining. The miR-27a, FOXO1 and PPAR-γ expression in tumor were detected by RT-PCR and western blot, respectively. Blood was collected, and serum was separated for assessing alkaline aminotransferase (ALT), aspartate phosphatase (AST), alkaline phosphatase (ALP), blood urea nitrogen (BUN), creatinine (CRE), and triglyceride (TG) levels. Heart, lung, liver, spleen and left kidney of each mouse were conserved for H/E staining.

Statistical analysis
--------------------

All experiments were performed at least three times and expressed as mean ± SD. Statistical significance (p\< 0.05) was evaluated using Student\'s t-test when only two groups were compared. If more than two groups were compared, evaluation of significance was performed using one-way ANOVA analysis of variance, followed by Bonferroni\'s post hoc test.

Results
=======

Characterization of anti-miR-27a/QD-HA-PEI
------------------------------------------

QD-HA-PEI conjugate was fabricated first and anti-miR-27a/QD-HA-PEI was self-assembled in the present study. As shown in **Figure [1](#F1){ref-type="fig"}A-B**, anti-miR-27a/QD-HA-PEI displayed a uniform spherical shape with sizes in the range of 70-100 nm. Hydrodynamic size and zeta-potential of anti-miR-27a/QD-HA-PEI were 120 ± 4.3 nm (PDI was 0.218) (**Figure [S1](#SM0){ref-type="supplementary-material"}**) and -11.6 ± 1.4 mV, respectively (**Figure [S2](#SM0){ref-type="supplementary-material"}**). The optical properties of anti-miR-27a/QD-HA-PEI are shown in **Figure [1](#F1){ref-type="fig"}C** and **Figure [S3](#SM0){ref-type="supplementary-material"}**. As expected, anti-miR-27a/QD-HA-PEI exhibited similar emission patterns as QDs, with major emission peaks at around 850 nm in the NIR region. To our surprise, there was a strong fluorescence emission peak at 460 nm, which was considered to originate from the amide bond formed between HA and PEI due to a similar peak in the emission spectrum of HA-PEI but not in that of QD-HA. The ^1^H-NMR spectrum in **Figure [1](#F1){ref-type="fig"}D** shows characteristic resonance peaks for the methyl group of HA at 1.94 ppm and the methylene groups of PEI at 2.40-3.30 ppm, demonstrating that PEI was successfully grafted onto the HA chains. As shown in **Figure [S4](#SM0){ref-type="supplementary-material"}**, QD-HA-PEI could efficiently bind anti-miR-27a, as evidenced by significant retardation of miRNA migration in gel electrophoresis at a w/w (QD-HA-PEI to RNA) ratio above 9:1. The RNA protection results indicated rapid degradation of free anti-miR-27a in RNase solution; whereas, QD-HA-PEI could approximately 100% protect anti-miR-27a from RNase-based degradation at the minimal w/w ratio of 9:1 (**Figure [S5](#SM0){ref-type="supplementary-material"}**). Consequently, we used this dose ratio in the following biological experiments. Moreover, anti-miR-27a/QD-HA-PEI possessed good colloidal stability and photostability in cell culture media for 24 h (**Figure [S6](#SM0){ref-type="supplementary-material"}** and **Figure [S7](#SM0){ref-type="supplementary-material"}**), suggesting its considerable potential to be applied in vitro and in vivo.

CD44 receptor-mediated endocytosis of anti-miR-27a/QD-HA-PEI and "ON-OFF" fluorescence-based drug release tracking
------------------------------------------------------------------------------------------------------------------

As one of the important tumor initiating cell markers in liver cancer, CD44 is a hyaluronic acid receptor and major cell surface glycoprotein, which plays a key role in cell adhesion, cell migration and invasion [@B42]. To determine the CD44 receptor-mediated endocytosis of anti-miR-27a/QD-HA-PEI, CD44 receptor positive liver cancer HepG2 cells, CD44 receptor negative NIH-3T3 cells and CD44 low-expression normal liver HL-7702 cells were selected for a comparative study. From the FACS analysis (**Figure [2](#F2){ref-type="fig"}A**), anti-miR-27a/QD-HA-PEI could be taken up by HepG2 cells with HA receptors more efficiently than NIH-3T3 or HL-7702 cells. It was also found that pre-treatment with free HA could significantly decrease anti-miR-27a/QD-HA-PEI ingestion in HepG2 cells rather than in NIH-3T3 or HL-7702 cells, which are lined with other receptors [@B43],[@B44]. As shown in **Figure [2](#F2){ref-type="fig"}B** and **Figure [S8](#SM0){ref-type="supplementary-material"}**, we first concluded that endocytosis of the nanoparticles was induced by CD44 receptor and determined by its expression level. As expected, NIR fluorescence of QDs and intrinsic fluorescence of HA-PEI conjugate exhibited strong co-localization in the cytoplasm after 3 h of treatment, further indicating the conjugation of QD-HA-PEI.

To investigate whether anti-miR-27a/QD-HA-PEI is pH-sensitive, we first measured its RNA release profile at different levels of pH (**Figure [3](#F3){ref-type="fig"}A**). About 50% release of anti-miR-27a was observed at pH 5.5, while less than 10% of anti-miR-27a was released at pH 7.4. The release of anti-miR-27a could reach a plateau within 6 h, which may be due to degradation of the HA-PEI backbone and destruction of the integrity of the spherical structure under acidic conditions. As expected, the intrinsic fluorescence of the HA-PEI backbone was quenched at pH 5.5 and reduced along with incubation time, while the NIR fluorescence of the QDs only changed a little over time (**Figure [3](#F3){ref-type="fig"}B** and **Figure [S9](#SM0){ref-type="supplementary-material"}**). It is worth noting that there was probably a negative correlation between miRNA release and fluorescence quenching of HA-PEI. We further investigated whether the dual-fluorescence nanosystem could be employed to monitor intracellular pH-triggered miRNA release by detecting the fluorescence quenching of HA-PEI. HepG2 cells were incubated with anti-miR-27a/QD-HA-PEI for different lengths of time. As shown in **Figure [3](#F3){ref-type="fig"}C**, the co-localization of QD, HA-PEI, RNA and lysosome was observed after 1 h of incubation. Importantly, a time-course enhancement of RNA fluorescence in the cancer cells clearly indicated the pH-controlled drug release. In the meantime, gradual fluorescence quenching of HA-PEI backbone was observed in lysosomes, while there was no significant QD fluorescence loss during the incubation. Correspondingly, FACS results demonstrated the decrease of HA-PEI fluorescence signal and stability of QD fluorescence signal over time (**Figure [S10](#SM0){ref-type="supplementary-material"}**).

Investigation on the relationship between "ON/OFF" effect and structural change under different pH conditions
-------------------------------------------------------------------------------------------------------------

To verify our assumption that the emission peak at 460 nm was the result of amide bonds formed between HA and PEI, RNA/HA-PEI NPs were synthesized and incubated in neutral (pH=7.4) and acidic (pH=5.5) PBS for 12 h. As shown in **Figure [4](#F4){ref-type="fig"}A-B**, RNA/HA-PEI kept their spherical morphology in the neutral environment, while they degraded into membrane-like fragments in the acidic environment; these observations were collectively confirmed by the hydrodynamic size changes (**Figure [4](#F4){ref-type="fig"}C**). What\'s more, the intensity of the emission peak at 460 nm also significantly decreased in acidic PBS (**Figure [4](#F4){ref-type="fig"}D**). After comparing the results in **Figure [1](#F1){ref-type="fig"}C** and **Figure [4](#F4){ref-type="fig"}D**, it is obvious that RNA contributed nothing to this emission peak. We then concluded from these results that a stable connection between HA and PEI is essential for the existence of the 460 nm fluorescence peak. To further prove our point, ^1^H-NMR was performed. As shown in **Figure [4](#F4){ref-type="fig"}E**, characteristic resonance peaks for the methyl group of HA at 1.94 ppm and the methylene groups of PEI at 2.40-3.30 ppm were observed in the spectrum of free HA and PEI mixture. As expected, the spectrum of HA-PEI/5.5 was quite similar to that of HA and PEI mixture, indicating most of the amide bonds in HA-PEI hydrolyzed in acidic PBS, while only a small part of HA-PEI hydrolyzed in neutral PBS. In conclusion, hydrolyzation of amide bonds in HA-PEI under acidic conditions not only promotes the destruction of its spherical morphology, but also leads to the quenching of its intrinsic fluorescence at 460 nm. This feature was further named an "ON/OFF" effect and applied to monitor RNA release in vitro.

CD44-targeted anti-cancer efficacy, miR-27a modulation effects and molecular mechanisms of anti-miR-27a/QD-HA-PEI
-----------------------------------------------------------------------------------------------------------------

As the results above suggested that anti-miR-27a/QD-HA-PEI could specifically deliver anti-miR-27a into HepG2 cells, we hypothesized that anti-miR-27a/QD-HA-PEI would result in selective anti-cancer activity due to the CD44 receptor-mediated endocytosis and pH-dependent drug release. As shown in **Figure [5](#F5){ref-type="fig"}A-B**, anti-miR-27a/QD-HA-PEI exhibited markedly higher cell killing activity with a dose-dependent manner in HepG2 cells that was higher than that in HL-7702 cells. On the other hand, neither free anti-miR-27a nor QD-HA-PEI affected cell viability even at high concentrations (**Figure [5](#F5){ref-type="fig"}A-B** and **Figure [S11](#SM0){ref-type="supplementary-material"}**). Given that miR-27a can modulate a variety of cellular pathways associated with cell proliferation and apoptosis, results from cell cycle assays (**Figure [5](#F5){ref-type="fig"}C**) demonstrated that anti-miR-27a/QD-HA-PEI could drastically decrease the percentage of cells in the G1/G0 peak while increasing the percentage of cells in the S peak than other groups. Apoptosis assays (**Figure [5](#F5){ref-type="fig"}D**) also showed that both free anti-miR-27a and QD-HA-PEI groups had little influence on apoptosis, while this was much more obvious after cells were treated with anti-miR-27a/QD-HA-PEI.

To further clarify the molecular mechanism of anti-miR-27a/QD-HA-PEI-mediated anti-cancer cell effect, the intracellular inhibition of tumor enhancer miR-27a was quantified by real-time PCR. As shown in **Figure [6](#F6){ref-type="fig"}A**, over a 3-fold decrease in miR-27a was observed in HepG2 cells treated with anti-miR-27a/QD-HA-PEI compared with untreated cells as well as those treated with free anti-miR-27a or QD-HA-PEI. We then assessed the effects of a decreased miR-27a expression level on the regulation of its target genes. Since transcriptional factor FOXO1 and PPAR-γ are promising downstream targets of miR-34a according to our previous report, their expressions were then examined by RT-PCR and western-blot. As shown in **Figure [6](#F6){ref-type="fig"}A-C**, both mRNA and protein expressions of FOXO1 and PPAR-γ were observed in the anti-miR-27a/QD-HA-PEI-treated group compared with the other three groups. We subsequently studied the expression of downstream targets of FOXO1 and PPAR-γ (**Figure [6](#F6){ref-type="fig"}B-C**). As expected, western-blot results revealed that Cyclin D1 protein level was downregulated while p21, Bax and caspase-3 protein levels were upregulated in anti-miR-27a/QD-HA-PEI-treated groups.

In vivo targeted NIR fluorescence imaging and biodistribution of anti-miR-27a/QD-HA-PEI
---------------------------------------------------------------------------------------

To examine the CD44 receptor-targeted effects of anti-miR-27a/QD-HA-PEI in vivo, the nanoparticles were injected intravenously into nude mice bearing HepG2 xenografts and NIR fluorescence in the tumor was non-invasively monitored at various time points (3 and 24 h). Additionally, a competitive inhibition study was performed to investigate the tumor-targeting mechanism of anti-miR-27a/QD-HA-PEI through intravenously pre-injecting HA polymer to block CD44-mediated binding of anti-miR-27a/QD-HA-PEI at the tumor site. As shown in Fig**ure 7A-B**, the NIR fluorescence signal in the tumor site was quite strong at 3 h and decreased at 24 h. Importantly, mice treated with anti-miR-27a/QD-HA-PEI had strong NIR fluorescence at the tumor site, while pre-injected free HA could significantly reduce the fluorescence intensity. To evaluate the in vivo biodistribution of anti-miR-27a/QD-HA-PEI, main organs of mice were collected at 24 h post-injection and ex vivo NIR fluorescence images were obtained (**Figure [7](#F7){ref-type="fig"}C-D**). For both anti-miR-27a/QD-HA-PEI and HA plus anti-miR-27a/QD-HA-PEI groups, strong fluorescence signals were observed in the liver and spleen, which may be due to accumulation of anti-miR-27a/QD-HA-PEI in the mononuclear phagocyte system and uptake by cells expressing HARE receptor. As expected, the strongest intensity of anti-miR-27a/QD-HA-PEI was observed at the tumor and the intensity was approximately 2-fold higher than that of HA+anti-miR-27a/QD-HA-PEI.

In vivo antitumor activity of anti-miR-27a/QD-HA-PEI
----------------------------------------------------

Antitumor efficacy of anti-miR-27a/QD-HA-PEI was studied in nude mice bearing HepG2 tumor xenografts for 40 days (**Figure [8](#F8){ref-type="fig"}A**). As shown in **Figure [8](#F8){ref-type="fig"}B**, anti-miR-27a/QD-HA-PEI treatment markedly inhibited tumor growth when compared with the control group and free anti-miR-27a group. At the end of the experiment, tumors were excised and photographed (**Figure [8](#F8){ref-type="fig"}C-D**). The tumor inhibition rate in the anti-miR-27a/QD-HA-PEI group (69.23%) was significantly higher than that in the free anti-miR-27a group. To further confirm the mechanism of miR-27a-mediated antitumor activity in vivo, mRNA expression of miR-27a and protein expressions of FOXO1 and PPAR-γ in tumor sites were evaluated at the end of treatment (**Figure [9](#F9){ref-type="fig"}A-B**). Significant downregulation of miR-27a and upregulation of FOXO1 and PPAR-γ were found in the tumors treated with anti-miR-27a/QD-HA-PEI when compared with the other two groups, indicating the successful delivery of functional anti-miR-27a into the tumor site. Immuno-histochemical staining of Ki-67 and TUNEL in the tumor tissue was also performed to study anti-proliferative and pro-apoptotic activity, respectively. As shown in **Figure [9](#F9){ref-type="fig"}C-D**, anti-miR-27a/QD-HA-PEI treatment increased the number of apoptotic cancer cells, as indicated by a higher percentage of TUNEL positive cells (532.7%) when compared with control and free anti-miR-27a. Anti-miR-27a/QD-HA-PEI treatment also resulted in the lowest proliferation rate (35.1%) in tumors compared to control and free anti-miR-27a (**Figure [9](#F9){ref-type="fig"}E -F**)

Biosafety evaluation of anti-miR-27a/QD-HA-PEI
----------------------------------------------

To further evaluate the systemic toxicity of anti-miR-27a/QD-HA-PEI, body weight was examined during the treatment. There was no observable weight loss in all treated groups compared with the control group (**Figure [S12](#SM0){ref-type="supplementary-material"}**). Serum alanine aminotransferase (ALT), aspartate aminotransferase (AST), alkaline phosphatase (ALP), serum blood urea nitrogen (BUN), creatinine (CRE) and total triglycerides (TG) were measured at the end of the experiment, which are critical biomarkers of liver, heart and renal damage, respectively. The results shown in **Figure [10](#F10){ref-type="fig"}A-F** demonstrated that serum ALT, AST, ALP, BUN, CRE and TG were not significantly different among all groups. Furthermore, H&E-stained images revealed no histopathological abnormalities, lesions or degenerations in the slices of heart, liver, spleen, lung and kidney of all groups (**Figure [10](#F10){ref-type="fig"}G**).

Discussion
==========

It has been proved by many reports that miRNAs play important roles in the development of tumors because abnormal expression of miRNAs usually results in a change of cell functions including proliferation, apoptosis, migration and autophagy. [@B12]-[@B15] Numerous reports have suggested that normalizing the expressions of certain miRNAs could be regarded as efficient gene therapy strategies for liver cancer. [@B16]-[@B20] Compared to siRNAs, perfect sequence pairing is not strictly required in gene silencing of miRNAs. This feature endows miRNAs the function of regulating multiple genes, which is quite practical in tumor therapy since more than one gene is responsible for liver cancer. Moreover, as a double-stranded RNA molecule is usually required in siRNA-induced gene silencing, the residual strand could also form a siRNA-induced silencing complex. In contrast, a single-stranded RNA molecule is enough for disabling the function of target miRNA, which lowers the risk of off-target effects. [@B45], [@B46] Therefore, therapeutic approaches to restoring homeostasis by altering miRNA expression have great potential to be more practical and effective strategies than silencing individual genes by siRNAs for liver cancer.

By suppressing the expressions of FOXO1 and PPAR-γ, miR-27a shoulders important responsibilities in the development of liver cancer. [@B20], [@B47] Since FOXO1 and PPAR-γ are both important positive regulators in cell proliferation and apoptosis, inhibition of their expressions will no doubt lead to unwanted increase of cells. The abundant miR-27a in HepG2 cells first interferes with the translation of mRNA related to FOXO1 and PPAR-γ, and then expressions of downstream proteins of those, including the negative regulation of p21, Bax and caspase-3, and the upregulation of cyclin D1. Changes in the expressions of these proteins collectively lead to the proliferation of HepG2 cells and finally result in worsening symptoms of liver cancer. However, when anti-miR-27a is incorporated into HepG2 cells, the life cycle of those cells shows a trend towards the regulated proliferation and apoptosis of normal cells, which is the result of inactivation of miR-27a. So, we deem that anti-miR-27a-induced inhibition of miR-27a could be considered an effective approach for therapy of liver cancer. It is worth noting that we did not detect phosphorylation of FOXO1 and PPAR-γ because miR-27a only inhibits the mRNA or protein expression of their targeted proteins rather than affecting their phosphorylation state [@B48]-[@B50]. Moreover, reports have demonstrated that miR-27a is involved in multiple drug resistance in various kinds of human cancers including gastric cancer, ovarian cancer, cervix carcinoma and liver cancer, [@B51]-[@B54] and its overexpression has been detected in serum and tumor tissues of liver cancer patients. Hence it can be concluded that miR-27a is an important target for cancer diagnosis and therapy.

Although QD-HA-PEI is negatively charged, its PEI branches are free to interact with miRNAs as they are not coated. Interaction between QD-HA-PEI and miRNA is closely related to the attraction between negatively charged RNAs and positively charged PEI branches, forming a spherical structure with a HA "shell" and PEI-miRNA "core" by self-assembly [@B32]. As is mentioned above, an amide bond is formed between HA and PEI through the EDC reaction, which not only functionalizes HA for miRNA loading, but also generates a new emission peak at 460 nm. This unexpected fluorescence peak makes the quick confirmation of functionalized HA possible. Moreover, this newly formed fluorescence peak offers the possibility of real-time monitoring of miRNA release in cells through tracking the fluorescence change. Interestingly, we found that the intrinsic fluorescence of HA-PEI quenches when the nanoparticles are incubated in acidic solution. We assumed that this phenomenon might partly be due to instability of the amide bonds as acidic environments also led to the rapid release of miRNAs loaded in QD-HA-PEI. Nevertheless, the mechanism remains unclear, and further study is required. Regardless, by studying the fluorescence intensity at 460 nm, the structural change of the HA-based nanosystem could be confirmed, which indicated the release of RNA. Collectively, this "on/off" effect provides a convenient way to determine the intracellular behaviors of the vector and its contents in vitro.

Interactions between carriers of nucleic acids and the living body, including therapeutic and toxic effects, always attract attention because their concentrations are usually higher than the nucleic acids loaded on or in them. At first, we thought QD-HA-PEI might have biological effects in some respects since the best weight ratio between it and anti-miR-27a was 9:1, as described above. However, neither therapeutic nor toxic effects were observed. Results of molecule mechanism studies showed that QD-HA-PEI had no effect on the expression of miR-27a or the pathway it regulated, and it did not impact cell cycle or apoptosis. Moreover, even though QDs were used for in vivo imaging, it could still be demonstrated that the whole nanosystem is safe. We attributed these findings mainly to the limited use of QDs. Because the fluorescence efficiency of QDs is quite high, only a small number of QDs is required to acquire satisfying fluorescence signal. Furthermore, cell apoptosis that is induced by quantum dots is dose-dependent [@B55]; the concentration of QDs in this work was obviously not high enough. What\'s more, as anti-miR-27a/QD-HA-PEI is CD-44-targeted, more nanoparticles could accumulate in tumor sites. The pH-responsive RNA release feature also makes the nanosystem safer because the cytoplasm in tumor cells is always acidic. Apart from our work, well-designed nucleic acid delivery systems developed by other researchers have shown similar properties [@B56],[@B57]. Taken together, our results demonstrate that anti-miR-27a works well both in vitro and in vivo, and QD-HA-PEI is a promising candidate for targeted delivery of anti-miR-27a to achieve efficient and safe liver cancer theranostics.

In conclusion, a dual-fluorescence nanosystem that possesses the features of "ON/OFF" fluorescence, pH-sensitive drug release, CD44 receptor-targeted gene delivery and real-time fluorescence tracking was established. The fluorescence monitoring showed that upon intracellular reduction with low pH, the self-assembled nanosystem undergoes degradation to release anti-miR-27a. Successful delivery of anti-miR-27a by these particles was subsequently confirmed by the decreased intracellular miR-27a level and thereby normalized expressions of FOXO-1 and PPAR-γ and their downstream proteins including p21, Bax, cyclin D1 and capsase-3, resulting in cell proliferation inhibition and apoptosis. Moreover, in vivo tumor targeting was further confirmed by bioimaging, indicating that this system could target tumor site, and the delivery procedure could be monitored. Anti-miR-27a/QD-HA-PEI has proved itself to be an effective and safe tool for liver cancer therapy both in vitro and in vivo. In general, the self-assembled dual fluorescence nanosystem show great promise as a dual-function delivery vector of therapeutic miRNA, providing a novel, simple and elegant approach to the design of the next generation of nanomedicine liver cancer theranostics.
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![Schematic illustration of the fabrication of anti-miR-27a/QD-HA-PEI for simultaneous bioimaging and tracking of miRNA-based modulation therapy of liver cancer.](thnov08p3808g001){#SC1}

![**Characterization of anti-miR-27a/QD-HA-PEI. (A)** High-resolution TEM image of anti-miR-27a/QD-HA-PEI; scale bars are 100 nm and 20 nm (inset). **(B)** SEM image of anti-miR-27a/QD-HA-PEI; scale bar is 100 nm. **(C)** Emission spectra and **(D)** ^1^H-NMR spectra of anti-miR-27a/QD-HA-PEI.](thnov08p3808g002){#F1}

![**CD44-targeted cellular uptake of anti-miR-27a/QD-HA-PEI. (A)** Quantitative analysis of the internalization of anti-miR-27a/QD-HA-PEI in HepG2, HL-7702 and NIH-3T3 cells after 3 h of exposure through FACS. These data represent three separate experiments and are presented as the mean values ± SD. \*P \< 0.05 versus the NPs group, \#P \< 0.05 versus the HepG2 group. **(B)** CLSM images of HepG2 cells after 3 h of incubation; the scale bars represent 10 μm.](thnov08p3808g003){#F2}

![**RNA release behavior and "ON-OFF" fluorescence switching of anti-miR-27a/QD-HA-PEI. (A)** RNA release profile and **(B)** normalized fluorescence intensity of anti-miR-27a/QD-HA-PEI under different pH conditions. **(C)** CLSM images of HepG2 cells after 1 or 6 h of incubation; the scale bars represent 10 μm.](thnov08p3808g004){#F3}

![**pH-dependent degradation behavior of anti-miR-27a/QD-HA-PEI.** Changes of anti-miR-27a/QD-HA-PEI under different pH conditions. **(A)** TEM image of anti-miR-27a/QD-HA-PEI incubated in PBS (pH=7.4) for 12 h; scale bar is 100 nm. **(B)** TEM image of anti-miR-27a/QD-HA-PEI incubated in PBS (pH=5.5) for 12 h; scale bar is 100 nm. **(C)** Hydrodynamic size changes of anti-miR-27a/QD-HA-PEI in PBS (pH=5.5, red and pH=7.4, blue). **(D)** Emission spectra and **(E)** ^1^H-NMR results of HA-PEI, HA+PEI, HA-PEI in PBS (pH=5.5, blue and pH=7.4, green).](thnov08p3808g005){#F4}

![**Anti-tumor effects of anti-miR-27a/QD-HA-PEI in vitro.** Cell viability of **(A)** HepG2 cells and **(B)** HL-7702 cells incubated with various concentrations of anti-miR-27a/QD-HA-PEI for 24 h. FACS analysis of the **(C)** cell cycle and **(D)** cell apoptosis of anti-miR-27a/QD-HA-PEI-treated HepG2 cells. These data represent three separate experiments and are presented as the mean values ± SD. \*P \< 0.05 versus anti-miR-27a group.](thnov08p3808g006){#F5}

![**Molecular mechanisms of the anti-tumor effect of anti-miR-27a/QD-HA-PEI. (A)** qRT-PCR analysis of miR-27a, FOXO1 and PPAR-γ expression in anti-miR-27a/QD-HA-PEI-treated HepG2 cells. **(B-C)** Western blot analysis of FOXO1, PPAR-γ, p21, Bax, CyclinD and cleaved-Caspase-3 expression in anti-miR-27a/QD-HA-PEI-treated HepG2 cells. These data represent three separate experiments and are presented as the mean values ± SD. \*P \< 0.05 versus anti-miR-27a group.](thnov08p3808g007){#F6}

![**Bioimaging and biodistribution of anti-miR-27a/QD-HA-PEI. (A)** HepG2 tumor-bearing mice were intravenously injected with free anti-miR-27a/QD-HA-PEI or anti-miR-27a/QD-HA-PEI plus free HA for in vivo imaging at different time points. **(B)** Quantitation of fluorescence intensity at the tumor site of each group for up to 24 h. **(C)** Ex vivo NIR imaging of anti-miR-27a/QD-HA-PEI in tumor, liver, lung, heart, spleen and kidney. **(D)** Quantitation of fluorescence intensity of NIR QD signal ex vivo. The values represent mean values ± SD, n=6. \*P \< 0.05 versus anti-miR-27a/QD-HA-PEI group.](thnov08p3808g008){#F7}

![**In vivo anti-tumor effect of anti-miR-27a/QD-HA-PEI. (A)** Dosage regimen of in vivo treatment for 46 days. **(B)** Tumor growth curves, **(C)** tumor weights and **(D)** tumor photographs of HepG2 tumor-bearing mice in each group. The values represent mean values ± SD, n=6. \*P \< 0.05 versus anti-miR-27a group.](thnov08p3808g009){#F8}

![**In vivo anti-tumor mechanisms of anti-miR-27a/QD-HA-PEI. (A)** miR-27a and miRNA of FOXO1 and PPAR-γ expression, **(B)** protein expressions of FOXO1 and PPAR-γ, **(C)** Ki-6-stained images and **(D)** quantitation, **(E)** TUNNEL-strained images and **(F)** quantitation of tumor sites in each group. The values represent mean values ± SD, n=6. \*P \< 0.05 versus anti-miR-27a group. Scale bars represent 100 µm.](thnov08p3808g010){#F9}

![**Assessment of the systemic side effects after treatment.** Serum biochemistry indexes of mice in each group, including **(A)** ALT, **(B)** AST, **(C)** ALP, **(D)** CRE, **(E)** BUN, and **(F)** TG. **(G)** Representative H&E-stained images of heart, kidney, liver, lung and spleen from mice in each group; scale bars represent 100 µm.](thnov08p3808g011){#F10}
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